catalysts MBPY

Review
Highlights of Major Progress on Single-Atom
Catalysis in 2017

Yalin Guo 1209, Rui Lang ! and Botao Qiao 1'*

1 Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian 116023, China;

guoyalin@dicp.ac.cn (Y.G.); langrui@dicp.ac.cn (R.L.)
University of Chinese Academy of Sciences, Beijing 100049, China
Correspondence: bgiao@dicp.ac.cn

check for
Received: 25 December 2018; Accepted: 30 January 2019; Published: 1 February 2019 updates

Abstract: Single-atom catalysis has rapidly progressed during the last few years. In 2017, single-atom
catalysts (SACs) were fabricated with higher metal loadings and designed into more delicate
structures. SACs also found wide applications in C1 chemical conversion, such as selective oxidation
of methane and conversion of carbon dioxide. Both experimental characterizations and computational
modeling revealed the presence of tunable interactions between single atom species and their
surrounding chemical environment, and thus SACs may be more effective and more stable than
their nanoparticle counterparts. In this mini-review, we summarize the major achievements of
SACs into three main aspects: (a) the advanced synthetic methodologies, (b) catalytic performance
in C1 chemistry, and (c) strong metal-support interaction induced unexpected durability. These
accomplishments will shed new light on the recognition of single-atom catalysis and encourage more
efforts to explore potential applications of SACs.

Keywords: single-atom catalysis; catalyst fabrication; C1 chemical conversion; strong metal-support
interaction; reaction mechanism

1. Introduction

Single-atom catalysis, which was proposed a few years ago [1], has now become a new frontier
in heterogeneous catalysis [2]. Compared with supported nanoparticle (NP) catalysts that consist
of various kinds of active sites (corners, defects, etc.) [3], “single-atom catalysts” (SACs), containing
only individual metal atoms on the solid support, can provide uniform, structurally well-defined
active sites [4]. In recent years single-atom catalysis has attracted considerable attention and made
very rapid progress [5-9]. Wang et al. summarized recent experimental and computational reports
to illuminate the bonding in SACs and its relationship with catalytic performance [10]. During 2017,
Liang et al. moved and controlled the atoms on the surface with the aid of a scanning tunneling
microscope (STM), helping to understand catalysis at single-atom level [11]. In addition, various other
remarkable accomplishments have come to light in 2017. First, synthetic approaches became more
rational to tune the electronic property of active metal species and construct ordered morphology of
support. Second, SACs found more applications in C1 chemical (methane, methanol, CO,, and CO)
conversion. Moreover, SACs exhibited unexpected durability compared with the NP counterparts,
which can be attributed to the unusual strong interaction between metal atoms and supports. Last
year, we summarized the major progress in 2015 and 2016 [12]. In this review, we would like to talk
about the above respects in detail for the convenience of readers in order for them to know about the
most recent progress.
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2. The Preparation Strategies of Single-Atom Catalysts (SACs)

The fabrication of stable SACs has, at least at the present state, been considered as a great challenge
since single-atom catalysts are believed to be somewhat thermodynamically unstable. However, some
cases have proved that this may not be true. For example, Au atoms were found to form strong
covalent metal-support interaction with FeOy which showed superior reaction durability than their
NP counterparts [13]. Others reported that heating Pt NP with CeO, support at high temperature in
the presence of oxygen can generate Pt SACs [14,15]. Therefore, appropriate preparation methods to
synthesize stable SACs with unique structures are summarized below.

2.1. SACs with Ordered Structure

Thermal treatment, usually under an inert atmosphere, of carbon-based materials with uniform
pore sizes and controllable shapes has been gradually developed as a reliable strategy to prepare
SACs with the desired morphology. Li et al. anchored Fe atoms on the inner wall of hollow N-doped
carbon (CN) tubes by sacrificing nanorod template [16], as shown in Figure 1. The synthetic procedure
included three steps: (1) coating ferric oxide nanorod with organic polymers; (2) carbonizing at high
temperature; and (3) etching the metal oxide with acid. The Fe SAC showed excellent activity toward
the hydroxylation of benzene with 45% conversion and 94% phenol selectivity. In addition, this
methodology can be applied to a group of transition-metal (M) single atoms (SA) dispersed on CN
materials, the so-called SA-M/CN (M = Fe, Co, Ni, Mn, FeCo, FeNi), by varing metal precursors
or polymers.
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Figure 1. Synthetic procedure for SA-Fe/CN. Reprinted with permission from Ref [16]. Copyright
2017, American Chemical Society.

Metal organic frameworks (MOFs), bridging metal atoms with ligands to form high surface area,
rich micropore, three-dimensional ordered crystal frameworks, have been demonstrated as promising
precursors to obtain SACs [17]. Wu et al. prepared a MOF-derived single atom Fe catalyst by directly
bonding Fe ions to imidazolate ligands [18]. The well-dispersed FeNj, active sites are embedded
into porous carbon to prevent agglomeration in an oxygen reduction reaction (ORR). Increasing
thermal-treat temperature leads to more active sites and enhanced ORR activity.

Ru coordinates with the skeletons of UiO-66 MOFs can generate good hydrogenation SACs [19].
In Figure 2, Cao et al. prepared a Ru/ZrO,@C SAC with 0.85 wt% Ru loading and compared with
commercial Ru/C in converting levulinic acid (LA) to y-valerolactone (GVL). Full conversion of
LA and quantitative yield of GVL are achieved in both Ru/ZrO,@C and Ru/C catalyst. However,
no matter whether in water or in high protic aqueous solution, Ru/ZrO,@C displayed almost the
same catalytic performance upon multiple recycling, suggesting Ru atoms were highly dispersed on
nanotetragonal ZrO,, and embedded in the amorphous carbon. Temperature programmed reduction
(TPR) results showed that the strong metal-support interaction between Ru and ZrO, may be in favor
of this excellent stability [20].
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Figure 2. Synthesis and durability of metal organic framework (MOF)-derived Ru single-atom catalyst
(SAC). Reprinted with permission from Ref [20]. Copyright 2017, The Royal Society of Chemistry.

2.2. Single-Atom Alloy (SAA)

Single-atom alloy (SAA) presents one type of important SACs, as suggested in previous work and
review [12,21]. Pei et al. extended the scope of Pd-IB Metal SAA system and chose Cu as the partner of
Pd [22,23]. The Cu-alloyed Pd SAA (CuPdy gps/SiO;) showed ~85% selectivity at 100% conversion
for the selective hydrogenation of acetylene to ethylene under a simulated front-end hydrogenation
process in industry. However, direct imaging of isolated Pd on Pd-Cu SAA is not an easy task due to
the close Z contrast between these two elements, so Extended X-ray absorption fine structure (EXAFS)
and density functional theory (DFT) calculations were used to identify the neighboring environment of
Pd atoms. Besides, the surface property of Pd/Cu SAA can be investigated by polarization-dependent
reflection absorption infrared spectroscopy (PD-RAIRS) using CO as a probe molecule [24]. The surface
Pd coverage can even be quantified from the CO peak area of PD-RAIRS and Auger electron spectra
(AES). However, the calculated coverage is different because the detected electrons with AES come
from both surface and subsurface Pd atoms, while RAIRS only detected CO bounding to Pd atoms at
the immediate surface.

Chen et al. dispersed Pt atoms on the surface of Ni particles forming Pt/Ni SAA by the galvanic
reduction method. Pt/Ni SAA exhibited relatively high activity for the hydrolytic dehydrogenation of
ammonia—borane, due to the synergistic effect between Pt and Ni [25]. A kind of stable molten metal
alloy catalyst for the pyrolysis of methane into hydrogen and carbon was synthesized by dissolving
active metals (Ni, Pt, Pd) in inactive low—melting temperature metals (In, Ga, Sn, Pb) [26]. During the
reaction, the insoluble carbon floats to the surface where it can be skimmed off, making the catalysts
anti-coking. The molten alloys are called “liquid SAA” for the active metals are atomically dispersed.

2.3. Support Effect

Apart from changing the support structure or doping a second metal to form SAAs, the surface
properties, e.g., defects, components, or impurities, of support can also influence SACs’ catalytic
behavior. Yang et al. studied the support effects in ORR by separately depositing Pt atoms on TiN and
TiC support with the same configuration. The Pt; /TiC catalyst showed higher activity and selectivity
toward HyO; via a 2 e~ pathway, whereas the Pt; /TiN surface was poisoned by strong affinity to
oxygen species. In this case, the importance of supports is proved since supports also participate in the
surface reaction [27].

2.3.1. Functional Groups on The Support

Carbon-based materials usually utilize surface O, N, and S-containing functional groups to anchor
metal sites. It is found that Pt/C interaction strengthened on the carbon support with higher oxygen
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concentrations, which is more dependent on charge transfer rather than frontier-orbital hybridization.
In general, the higher concentration of oxygen-containing groups (OCGs) is in favor of the stability
and catalytic activity of the catalyst. DFT calculations suggested that tailoring the carbon support
by OCGs or other light-element can provide a new route to improve the tolerance of Pt/C catalysts
against CO poisoning [28] and agglomeration [29]. Actually, heat-treating cobalt salts and graphene
oxide in ammonia atmosphere can generate cobalt SAC on nitrogen-doped graphene (Co-NG), with up
to 7.94 at% nitrogen concentration. The Co-NG catalyst shows high activity and excellent stability for
selective alcohol oxidation. Nitrogen promoted a metal-support interaction by electron transfer [30].
A synergetic effect between doped N and isolated Pt sites was also found for a carbon black-supported
Pt single-atom electrocatalyst with CO/methanol tolerance for ORR. The strong interaction between
Pt and N can even prohibit Pt oxidation in air. The acidic single-cell with such a catalyst as cathode
exhibited power density up to 680 mW /cm? at 80 °C [31]. A high-density atomically dispersed Fe
anchored on S-doped NC ORR catalyst (Fe/SNC) was synthesized [32]. The incorporated sulfur,
emerging as a thiophene-like structure (C-5-C), plays an important role in reducing the electron
localization around Fe centers, and facilitates the complete 4 e~ ORR in acidic media. The above
examples demonstrated the outstanding characteristics of heteroatom (O, N, S) doped carbon supports
as ideal carriers for highly dispersed metal centers.

2.3.2. Surface Defects of Support

Surface defects have been intensively investigated on two-dimentional materials such as boron
nitride (BN) and MoS;. Chen et al. investigated transition metals (Mo, Ru, Rh, Pd, and Ag) singly
dispersed on the defective BN monolayer with a boron monovacancy as N fixation electrocatalysts by
DFT computations. Results suggested that Mo single atom supported by a defective BN nanosheet may
be highly active for N fixation at room temperature [33]. Isolated Co atoms are covalently bonded
to sulfur vacancies on MoS, monolayer sheets forming Co-5-Mo interfacial sites. This Co SAC can
reduce the hydrodeoxygenation reaction temperature from the typically 300 °C to 180 °C [34].

2.4. External Forces Induced SAC Synthesis

2.4.1. Iced Photochemical Reduction

Apart from the above thermal-treatment, ultraviolet (UV) irradiation of frozen H,PtCls aqueous
solution also can generate atomically dispersed Pt stabilizing on various carbon-based or metal-oxide
substrates. The ice lattice confined Pt precursor migration and prevented the nucleus formation
of photochemical reduction products Wang et al. compared traditional UV irradiation with UV
irradiation accompanying iced-photochemical process. Obviously, the traditional UV irradiation of
H,PtCly aqueous solutions (as shown in the upper line) produced Pt nanocrystals formed by the
agglomeration and nucleation of Pt atoms. However, Pt single atoms dispersed in ice could be attained
by exposing the frozen solution of H,PtCly to UV irradiation with a low temperature to reduce Pt**.
The Pt; /mesoporous carbon material prepared following the new UV irradiation process is an effective
electrocatalyst for the hydrogen evolution reaction (HER) with an overpotential of only 65 mV at a
current density of 100 mA /cm?, superior to state-of-the-art platinum/carbon. This iced-photochemical
reduction can be extended to gold and silver [35].

2.4.2. Electrodeposition

Electrons were also used as driving force for active metal deposition. Bard et al. used femtomolar
concentrations of PtClg?~ to limit the Pt atoms plated on the electrode. Isolated single Pt atoms
to 9-atom small clusters were supported on an inert bismuth ultramicroelectrode [36]. Taking the
potential at a certain current density as a measure of the relative rate of the HER, they found that
the potential shifted positively as the Pt cluster size increased, thus single atoms showed a larger
overpotential than bulk Pt. A similar potential-cycling method was used to synthesize Pt SAC on
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CoP-based nanotube [37], which exhibited HER activity comparable to commercial Pt/C in neutral
media. The Pt mass activity of SAC is 4 times of that of Pt/C, and the stability is also much better.
These results provide an opportunity to fabricate catalytic structures on an atom-by-atom basis and
directly evaluate catalytic activity after deposition.

3. Novel Applications of SACs

Compounds containing only one carbon atom, such as methane, carbon monoxide, carbon
dioxide, and methanol, are classified as C1 chemicals. Direct conversion of simple C1 compounds
into high-valued chemicals can be counted as one of the major challenges in chemical engineering.
In 2017, single-atom catalysis was applied as an advanced strategy in this research field. For example,
Rh SACs were used to activate methane, the most inert C1 chemical, forming methanol and acetic acid.
Oxygen-containing C1 chemicals, such as formic acid can be reformed to generate Hy by the aid of
Pt SACs. Moreover, SACs were even capable of completing the traditional homogeneous catalyzed
process with satisfying performance. Once again, single-atom catalysis was demonstrated to be the
bridge between homogeneous and heterogeneous catalysis [38,39].

3.1. CHy Conversion

Methane is the main constituent of natural gas and biogas. Recently it has also been found in
“flammable ice” at the continental slopes of many oceans including the South China Sea. Methane, in
view of an abundant new source of energy with vast reserves and resources, has been regarded as a
secure supply of chemicals and fuels in the future. However, as the most inert C1 chemical, activation of
methane is a challenging process of great importance in modern catalysis [40]. Flytzani-Stephanopoulos
et al. fabricated a kind of isolated rhodium catalysts anchored on a zeolite or TiO; support, which
can catalyze the direct conversion of methane to methanol or acetic acid in aqueous solution [41].
They prepared the catalysts using simple heat-treating protocol on zeolite (ZSM-5) and ultraviolet
irradiation on TiO,. The acidity of the support can change the final product (methanol or acetic acid).
Transformation from methane to oxygenates needs a two-step pathway. First, activation of methane
occurs on the isolated Rh* species forming Rh—CHj in the presence of O,, which then is transformed
via two routes: O insertion to generate methanol or CO insertion to generate acetic acid. Following the
hydrolysis step, single Rh* can take part in the next catalytic cycle. Theoretically, Rh atoms dispersed
on ZrO, surface (Rh; /ZrO,) can also activate methane to energetically stabilize -CHj3 intermediates.
After optimizing conditions, Rh; /ZrO, selectively oxidized methane to methanol in HO, aqueous
solution, circumventing the complete oxidation to CO, with Rh NPs [42]. These works demonstrated
that selective and direct conversion of methane to specific oxygenates can occur on the atomic metal
sites and provided new insight into the development of heterogeneous catalyzed industrial processes.

3.2. Methanol and Formic Acid Reforming

Two supported Pt SACs were used in the reforming reaction of methanol or formic acid to
generate Hy, a clean energy. Generally speaking, the dehydrogenation reaction always competes with
dehydration reaction which forms CO and H,O. Pt and Pd catalysts are active for both dehydrogenation
and dehydration, while Cu surfaces are highly selective toward dehydrogenation. Sykes et al.
substituted single Pt atoms into the Cu lattice and found the dehydrogenation of formic acid to
CO; and H; was highly selective [43]. Pt atoms dispersed over a-MoC showed outstanding hydrogen
production activity in the low-temperature aqueous-phase reforming of methanol (APRM) process [44].
When Ptloading decreased to 0.2%, the atomically dispersed Pt became the dominant species on -MoC
after high-temperature activation process, generating an exceptionally high density of electron-deficient
Pty sites for the adsorption/activation of methanol. Meanwhile, «-MoC shows high water-dissociation
activity, producing abundant surface hydroxyls to accelerate the reformation of intermediates at the
interface between Pt and a-MoC. Both effects make Pt/ x-MoC as a catalyst with excellent efficiency
and good stability in the base-free APRM process at working temperature of 150-190 °C.
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3.3. CO, Conversion

The vast majority of anthropogenic emission of CO,, the most notorious greenhouse gas, comes
from combustion of fossil fuels. If CO, emission continues at the present rate, the Earth’s surface
temperature would probably exceed historical values as early as 2047, which will definitely harm the
worldwide ecosystems and biodiversity [45]. DFT studies suggested the possibilities of converting
CO; to other chemicals by SACs [46,47]. Nanoscaled Cu, although it always suffers from oxidation,
has previously been identified as an active metal for CO, conversion. Cu atoms confined in Pd
lattice exhibit enhancement for CO,-to-CHy conversion by two major effects: (1) providing the paired
Cu—Pd sites for the enhanced CO, adsorption and the suppressed H; evolution; (2) elevating the
d-band center of Cu sites for the improved CO; activation. Consequently, Pd;Cu; —TiO; achieved
the highest photo-catalytic performance with 95.9% selectivity [48]. In electroreduction of CO; to CO,
a high loading Ni SAC reached a TOF value of 5273 h~!, with a Faradaic efficiency over 71.9% at an
overpotential of 0.89 V and a current density of 10.48 mA/ cm? [49].

Layered double hydroxides (LDHs) are superior base catalysts, because the OH™groups are 6-fold
coordinated with divalent and trivalent cations. An isolated Ru catalyst was synthetic on the surface of
LDH and utilized to hydrogenate CO, into formic acid in a basic medium [50]. The isolated Ru species
with rich electron were generated with the help of strong Bronsted OH™ ligands (Figure 3), which are
in favor of CO; adsorption near the active Ru center. The Ru/LDH SAC obtained comparable or higher
turnover number (TON) and turnover frequency (TOF) values than any other reported heterogeneous
catalyst systems. The catalytic cycle for CO, hydrogenation was proposed as below.

OH
HCOOH HO, | oM, H
Ru,
LAY
P - . - 2H,0
LOH
Step 1 \ i om
A
%
! !
LDH
stepz/ H,0(
H0
4 v He_ | OH
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¥ Electron donating ability & 4%
-

¥ €O, adsorption property

Figure 3. Ru/LDH SAC catalyzed CO; hydrogenation to formic acid. Reprinted with permission from
Ref [50]. Copyright 2017, American Chemical Society.

3.4. CO Conversion

CO oxidation and water gas shift reactions (WGSR) have been extensively investigated in
heterogeneous catalysis due to their importance in both industrial applications and fundamental
studies. Some reviews about single-atom catalysts in this field have provided deep insight [2,9,51,52].
In 2017, both DFT studies [53] and experimental research had continuous progress in WGSR reaction.
Guan et al. developed two SACs for WGSR. In Rh; /TiO, system, Rh single atoms promoted the
formation of oxygen vacancies on the TiO, support and prohibited the H; dissociation, leading to an
overall 95% CO conversion with no methanation at 300 °C, even under CO,- and Hj-rich stream [54].
Similarly, Pd/FeOx SAC also facilitated oxygen vacancies formation and proceeded through a redox
mechanism with low activation energy [55].

CO oxidation is one of the most representative probe reactions in single-atom catalysis, and both
activitity and mechanism were studied in isolated Pt and Pd on various supports [56], e.g., CeO, [57-59],
Al,O3 [60,61], and MgO [62]. Lou et al. systematically investigated the support effects for the CO
oxidation reaction catalyzed by isolated Pt atoms on metal oxides with different oxidation-reduction
potential: Fe;O3, ZnO, v-Al,O3. They revealed that the catalytic performance of Pt SACs is affected
mainly by the support properties. Both —OH groups on support surfaces and the added H,O improve
the activity of these three SACs significantly [63]. The same group also observed the movement of Pt
atoms in high-loading Pt/Fe,O3 SAC at 250 °C under different gas environments and found: (1) O, did
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not sinter the Pt single atoms, (2) both CO and H; facilitated the movement of the Pt atoms, especially
in the presence of HyO. Therefore, interaction between metal species and the support needs to be strong
enough to resist the possible sintering under working conditions [64]. Christopher et al. demonstrated
the isolated Pt on certain reducible support (TiO;) provides the most efficient metal utilization [65].
Although there have been many reports about the successful preparation of SACs and their supreme
performance, we should still mention that in some cases, metal clusters/NPs may exhibit higher activity
than their SAC counterparts. For example, FeOy supported Ir sub-nanometer clusters exhibited higher
activity for CO oxidation with or without the presence of H, than Ir atoms [66].

3.5. Photoelectrocatalytic Reactions

Currently, electrocatalysts are playing a more and more vital role in the continuing development
of electrochemical storage and conversion devices. However, highly efficient electrocatalysts need
more rational control of size, shape, composition and structure. By the aid of rapidly emerging studies
on SACs, novel Pt-group and non-noble metal electrocatalysts have been applied in oxygen reduction
reaction [67,68], oxygen evolution reaction [69], hydrogen evolution reaction [67,70], and other related
reactions. The unique single-atom dependent performance in electrocatalysis was summarized in a
good recent review [71].

Photo-driven remediation of water contamination is a promising strategy for environmental
protection. Ag SACs supported on carbon-based materials were independently reported by two
groups [72,73]. One showed that combining singly-dispersed Ag and CQDs onto ultrathin C3Njy
can form a novel ternary photocatalyst with enhanced photo-response, which offers broad-spectrum
(from UV to near-infrared light) utilization of solar light for the degradation of naproxen [72]. The
other group took advantage of the synergistic effect between single-atom Ag and C3Ny to prepare Ag
functionalized mesoporous graphitic carbon nitride hybrid, which showed an excellent performance
for the degradation of bisphenol A [73].

3.6. Heterogenization of Homogeneously Catalyzed Processes

Alongside the routine heterogeneous catalyzed abatement of environmental contaminants [74,75],
SACs were reported to exhibit good performance in traditionally homogeneous catalytic processes,
such as hydroformylation [38,39], hydrosilylation [76], C-H bond activation/oxidation [77] and C-C
bond coupling [78,79]. SACs are, thus, predicted to be the bridge connecting homo- and heterogeneous
catalysis, as summarized in a minireview [80]. Gold/carbon (Au/C) catalysts comprising single-site
cationic Au entities were applied in acetylene hydrochlorination. In situ X-ray absorption fine structure
study under reaction conditions showed that the high activity was correlated with the Au(I)/Au(III)
ratio, so a mechanism based on a redox couple of Au(I)-Au(Ill) species was proposed by computational
modeling [81].

4. Strong Metal-Support Interaction of SACs

The component and structure of active sites on SACs may be quite different from those on
NPs, resulting the diverse catalytic activity and reaction mechanism. For example, DFT studies
suggested a positively charged single Pt atom on TiO,(110) may exhibit very high WGSR activity at
low-temperature range, for TiO,-supported Pt clusters and Pt atoms provided different active sites [82].
Li and coworkers successfully prepared catalyst of singly dispersed Rh atoms anchored on the inert
SiO, support. The calculation results also confirmed that the Rh SAC and Rh NPs underwent different
reaction mechanisms [83]. The unique interaction between isolated metal and support may be the
origin for diverse catalytic performance. A quantitative profile for exploring metal-support interaction
was provided by considering the highest occupied state in single-atom Rh; /VO, catalyst [84], since
for this Rh SAC, the impacts of size, shape, and orientation were negligible of the metal particles at the
metal-support interface. At 341.0 K, VO, undergoes a phase transition between metal and insulator.
The highest occupied state of Rh has a significant influence on determining the different apparent



Catalysts 2019, 9, 135 8 of 12

activation energies of the two phases of VO,. Thus, changing the highest occupied states may also be
effective for other metals to tune catalytic properties in NH3BH3 hydrolysis reaction.

Owing to the strong metal-support interaction, SACs exhibited unexpected durability for
electrocatalytic ORR in an acidic solution [85], and photocatalyzed water splitting [86]. Al,Oj3 is
a common support for Pt in industrial and environmental applications. Yan et al. applied a modified
sol-gel solvent vaporization self-assembly method to prepare an atomically dispersed Pt catalyst.
Pt atoms strongly anchored in the inner surface of mesoporous Al,O3, staying in a four-oxygen
coordination mode and being stabilized by coordinatively unsaturated pentahedral AI** centers [87].
This Pt SAC maintained CO oxidation activity for one month. It was also highly stable in selective
hydrogenation under extreme conditions, providing firm evidence that SACs may be more durable than
nanocluster /NP catalysts under working conditions. In conclusion, tuning metal-support interaction
is an effective strategy for designing superior catalysts for various reactions.

5. Summary

In conclusion, much progress has been made in the field of single-atom catalysis, especially for the
rational design of novel catalysts and continuous expansion of reaction scopes. However, we should
note that there are still numerous gaps between theoretical calculations and experimental results, so
it is necessary to conduct advanced modeling design, parameter optimizing, and arithmetic system
to improve theoretical calculations. Characterization to identify the singly dispersed species on the
support has been developed as a reliable method combing electron microscopic imaging, infrared
and electronic spectrum analysis. But the real structure or component of active sites during catalytic
process are still concealed in the “black box”. In addition, a quantitative explanation of interactions
between active metal and neighboring atoms on the support is almost a blank, which hampers the
thorough understanding of the true nature in single-atom catalysts.

Author Contributions: Y.G. wrote the first draft of the article which was then modified by R.L. and B.Q.

Funding: This work was supported by National Natural Science Foundation of China (21606222, 21776270),
Strategic Priority Research Program of the Chinese Academy of Sciences (XDB17020100), the National Key R&D
Program of China (2016YFA0202801).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Qiao, B.; Wang, A.; Yang, X.; Allard, L.F; Jiang, Z.; Cui, Y,; Liu, J.; Li, J.; Zhang, T. Single-atom catalysis of CO
oxidation using Pt; /FeOx. Nat. Chem. 2011, 3, 634-641. [CrossRef] [PubMed]

2. Liu,]. Catalysis by Supported Single Metal Atoms. ACS Catal. 2017, 7, 34-59. [CrossRef]

3. Li, J.; Liu, ].; Zhang, T. Preface to the Special Issue of the International Symposium on Single-Atom Catalysis
(ISSAC-2016). Chin. J. Catal. 2017, 38, 1431. [CrossRef]

4. Schwarz, H. Ménage-a-trois: Single-atom catalysis, mass spectrometry, and computational chemistry. Catal.
Sci. Technol. 2017, 7, 4302—4314. [CrossRef]

5. Yang, X.; Wang, A.; Qiao, B.; Li, J.; Liu, J.; Zhang, T. Single-Atom Catalysts: A New Frontier in Heterogeneous
Catalysis. Acc. Chem. Res. 2012, 46, 1740-1748. [CrossRef] [PubMed]

6.  Flytzani-Stephanopoulos, M.; Gates, B.C. Atomically dispersed supported metal catalysts. Annu. Rev. Chem.
Biomol. Eng. 2012, 3, 545-574. [CrossRef] [PubMed]

7. Wang, Y.,; Zhang, W.; Deng, D.; Bao, X. Two-dimensional materials confining single atoms for catalysis. Chin.
J. Catal. 2017, 38, 1443-1453. [CrossRef]

8. Zhou, H.; Yang, X.; Wang, A.; Miao, S.; Liu, X;; Pan, X,; Su, Y.; Li, L,; Tan, Y.; Zhang, T. Pd/ZnO catalysts
with different origins for high chemoselectivity in acetylene semi-hydrogenation. Chin. . Catal. 2016, 37,
692-699. [CrossRef]

9.  Qiao, B; Liang, J.-X.; Wang, A.; Liu, J.; Zhang, T. Single atom gold catalysts for low-temperature CO oxidation.
Chin. |. Catal. 2016, 37, 1580-1587. [CrossRef]

10. Wang, A; Li, ].; Zhang, T. Heterogeneous single-atom catalysis. Nat. Rev. Chem. 2018, 2, 65-81. [CrossRef]


http://dx.doi.org/10.1038/nchem.1095
http://www.ncbi.nlm.nih.gov/pubmed/21778984
http://dx.doi.org/10.1021/acscatal.6b01534
http://dx.doi.org/10.1016/S1872-2067(17)62895-X
http://dx.doi.org/10.1039/C6CY02658C
http://dx.doi.org/10.1021/ar300361m
http://www.ncbi.nlm.nih.gov/pubmed/23815772
http://dx.doi.org/10.1146/annurev-chembioeng-062011-080939
http://www.ncbi.nlm.nih.gov/pubmed/22559871
http://dx.doi.org/10.1016/S1872-2067(17)62839-0
http://dx.doi.org/10.1016/S1872-2067(15)61090-7
http://dx.doi.org/10.1016/S1872-2067(16)62529-9
http://dx.doi.org/10.1038/s41570-018-0010-1

Catalysts 2019, 9, 135 90f12

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Pfisterer, ] HK,; Liang, Y.; Schneider, O.; Bandarenka, A.S. Direct instrumental identification of catalytically
active surface sites. Nature 2017, 549, 74-77. [CrossRef] [PubMed]

Han, B.; Lang, R.; Qiao, B.; Wang, A.; Zhang, T. Highlights of the major progress in single-atom catalysis in
2015 and 2016. Chin. J. Catal. 2017, 38, 1498-1507. [CrossRef]

Qiao, B.; Liang, J.; Wang, A.; Xu, C.; Li, ].; Zhang, T.; Liu, J. Ultrastable single-atom gold catalysts with strong
covalent metal-support interaction (CMSI). Nano Res. 2015, 8, 2913-2924. [CrossRef]

Nie, L.; Mei, D.; Xiong, H.; Peng, B.; Ren, Z.; Hernandez, X.I.P.; DeLaRiva, A.; Wang, M.; Engelhard, M.H.;
Kovarik, L.; et al. Activation of surface lattice oxygen in single-atom Pt/CeO, for low-temperature CO
oxidation. Science 2017, 358, 1419-1423. [CrossRef] [PubMed]

Ganzler, AM.; Casapu, M.; Vernoux, P; Loridant, S.; Cadete Santos Aires, EJ.; Epicier, T.; Betz, B.; Hoyer, R.;
Grunwaldt, J.D. Tuning the Structure of Platinum Particles on Ceria in Situ for Enhancing the Catalytic
Performance of Exhaust Gas Catalysts. Angew. Chem. Int. Ed. Engl. 2017, 56, 13078-13082. [CrossRef]
[PubMed]

Zhang, M.; Wang, Y.G.; Chen, W.,; Dong, J.; Zheng, L.; Luo, J.; Wan, J.; Tian, S.; Cheong, W.C.; Wang, D.; et al.
Metal (Hydr)oxides@Polymer Core-Shell Strategy to Metal Single-Atom Materials. J. Am. Chem. Soc. 2017,
139, 10976-10979. [CrossRef]

Dai, X.; Chen, Z.; Yao, T.; Zheng, L.; Lin, Y;; Liu, W,; Ju, H.; Zhu, J.; Hong, X.; Wei, S.; et al. Single Ni
sites distributed on N-doped carbon for selective hydrogenation of acetylene. Chem. Commun. 2017, 53,
11568-11571. [CrossRef]

Zhang, H.; Hwang, S.; Wang, M.; Feng, Z.; Karakalos, S.; Luo, L.; Qiao, Z.; Xie, X.; Wang, C.; Su, D.; et al.
Single Atomic Iron Catalysts for Oxygen Reduction in Acidic Media: Particle Size Control and Thermal
Activation. J. Am. Chem. Soc. 2017, 139, 14143-14149. [CrossRef]

Wang, X.; Chen, W.; Zhang, L.; Yao, T.; Liu, W.; Lin, Y,; Ju, H.; Dong, ].; Zheng, L.; Yan, W.; et al. Uncoordinated
Amine Groups of Metal-Organic Frameworks to Anchor Single Ru Sites as Chemoselective Catalysts toward
the Hydrogenation of Quinoline. J. Am. Chem. Soc. 2017, 139, 9419-9422. [CrossRef]

Cao, W.; Luo, W,; Ge, H.; Su, Y,; Wang, A.; Zhang, T. UiO-66 derived Ru/ZrO,@C as a highly stable catalyst
for hydrogenation of levulinic acid to y-valerolactone. Green Chem. 2017, 19, 2201-2211. [CrossRef]
Boucher, M.B.; Zugic, B.; Cladaras, G.; Kammert, J.; Marcinkowski, M.D.; Lawton, TJ.; Sykes, E.C.H.;
Flytzani-Stephanopoulos, M. Single atom alloy surface analogs in Pdy 13Cuy5 nanoparticles for selective
hydrogenation reactions. Phys. Chem. Chem. Phys. 2013, 15, 12187-12196. [CrossRef] [PubMed]

Pei, G.X,; Liu, X.Y;; Yang, X.; Zhang, L.; Wang, A.; Li, L.; Wang, H.; Wang, X.; Zhang, T. Performance of
Cu-Alloyed Pd Single-Atom Catalyst for Semihydrogenation of Acetylene under Simulated Front-End
Conditions. ACS Catal. 2017, 7, 1491-1500. [CrossRef]

Pei, G.; Liu, X.; Chai, M.; Wang, A.; Zhang, T. Isolation of Pd atoms by Cu for semi-hydrogenation of
acetylene: Effects of Cu loading. Chin. |. Catal. 2017, 38, 1540-1548. [CrossRef]

Kruppe, C.M.; Krooswyk, J.D.; Trenary, M. Polarization-Dependent Infrared Spectroscopy of Adsorbed
Carbon Monoxide To Probe the Surface of a Pd/Cu(111) Single-Atom Alloy. J. Phys. Chem. C 2017, 121,
9361-9369. [CrossRef]

Li, Z.; He, T.; Matsumura, D.; Miao, S.; Wu, A.; Liu, L.; Wu, G.; Chen, P. Atomically Dispersed Pt on
the Surface of Ni Particles: Synthesis and Catalytic Function in Hydrogen Generation from Aqueous
Ammonia-Borane. ACS Catal. 2017, 6762-6769. [CrossRef]

Upham, D.C.; Agarwal, V.; Khechfe, A.; Snodgrass, Z.R.; Gordon, M.].; Metiu, H.; McFarland, E.W. Catalytic
molten metals for the direct conversion of methane to hydrogen and separable carbon. Science 2017, 358,
917-921. [CrossRef] [PubMed]

Yang, S.; Tak, Y]J.; Kim, J.; Soon, A.; Lee, H. Support Effects in Single-Atom Platinum Catalysts for
Electrochemical Oxygen Reduction. ACS Catal. 2017, 7, 1301-1307. [CrossRef]

Mahmoodinia, M.; Astrand, P.O.; Chen, D. Tuning the Electronic Properties of Single-Atom Pt Catalysts by
Functionalization of the Carbon Support Material. J. Phys. Chem. C 2017, 121, 20802-20812. [CrossRef]
Hasegawa, S.; Kunisada, Y.; Sakaguchi, N. Diffusion of a Single Platinum Atom on Light-Element-Doped
Graphene. J. Phys. Chem. C 2017, 121, 17787-17795. [CrossRef]

Li, M.; Wy, S.; Yang, X.; Hu, J.; Peng, L.; Bai, L.; Huo, Q.; Guan, J. Highly efficient single atom cobalt catalyst
for selective oxidation of alcohols. Appl. Catal. A Gen. 2017, 543, 61-66. [CrossRef]


http://dx.doi.org/10.1038/nature23661
http://www.ncbi.nlm.nih.gov/pubmed/28880284
http://dx.doi.org/10.1016/S1872-2067(17)62872-9
http://dx.doi.org/10.1007/s12274-015-0796-9
http://dx.doi.org/10.1126/science.aao2109
http://www.ncbi.nlm.nih.gov/pubmed/29242344
http://dx.doi.org/10.1002/anie.201707842
http://www.ncbi.nlm.nih.gov/pubmed/28796399
http://dx.doi.org/10.1021/jacs.7b05372
http://dx.doi.org/10.1039/C7CC04820C
http://dx.doi.org/10.1021/jacs.7b06514
http://dx.doi.org/10.1021/jacs.7b01686
http://dx.doi.org/10.1039/C7GC00512A
http://dx.doi.org/10.1039/c3cp51538a
http://www.ncbi.nlm.nih.gov/pubmed/23793350
http://dx.doi.org/10.1021/acscatal.6b03293
http://dx.doi.org/10.1016/S1872-2067(17)62847-X
http://dx.doi.org/10.1021/acs.jpcc.7b01227
http://dx.doi.org/10.1021/acscatal.7b01790
http://dx.doi.org/10.1126/science.aao5023
http://www.ncbi.nlm.nih.gov/pubmed/29146810
http://dx.doi.org/10.1021/acscatal.6b02899
http://dx.doi.org/10.1021/acs.jpcc.7b05894
http://dx.doi.org/10.1021/acs.jpcc.7b01241
http://dx.doi.org/10.1016/j.apcata.2017.06.018

Catalysts 2019, 9, 135 10 of 12

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Liu, J.; Jiao, M.; Lu, L.; Barkholtz, HM.; Li, Y.; Wang, Y.; Jiang, L.; Wu, Z.; Liu, D.J.; Zhuang, L.; et al. High
performance platinum single atom electrocatalyst for oxygen reduction reaction. Nat. Commun. 2017, 8,
15938. [CrossRef] [PubMed]

Shen, H.; Gracia-Espino, E.; Ma, J.; Zang, K.; Luo, J.; Wang, L.; Gao, S.; Mamat, X.; Hu, G.; Wagberg, T.; et al.
Synergistic Effects between Atomically Dispersed Fe-N-C and C-S-C for the Oxygen Reduction Reaction in
Acidic Media. Angew. Chem. Int. Ed. Engl. 2017, 56, 13800-13804. [CrossRef] [PubMed]

Zhao, J.; Chen, Z. Single Mo Atom Supported on Defective Boron Nitride Monolayer as an Efficient
Electrocatalyst for Nitrogen Fixation: A Computational Study. J. Am. Chem. Soc. 2017, 139, 12480-12487.
[CrossRef] [PubMed]

Liu, G.; Robertson, A.W.; Li, M.M.; Kuo, W.C.H.; Darby, M.T.; Muhieddine, M.H.; Lin, Y.C.; Suenaga, K,;
Stamatakis, M.; Warner, J.H.; et al. MoS, monolayer catalyst doped with isolated Co atoms for the
hydrodeoxygenation reaction. Nat. Chem. 2017, 9, 810-816. [CrossRef] [PubMed]

Wei, H.,; Huang, K.; Wang, D.; Zhang, R.; Ge, B.; Ma, J.; Wen, B.; Zhang, S.; Li, Q.; Lei, M,; et al. Iced
photochemical reduction to synthesize atomically dispersed metals by suppressing nanocrystal growth. Nat.
Commun. 2017, 8, 1490. [CrossRef] [PubMed]

Zhou, M.; Dick, J.E.; Bard, Al]J. Electrodeposition of Isolated Platinum Atoms and Clusters on
Bismuth-Characterization and Electrocatalysis. J. Am. Chem. Soc. 2017, 139, 17677-17682. [CrossRef]
[PubMed]

Zhang, L.; Han, L,; Liu, H.; Liu, X,; Luo, ]. Potential-Cycling Synthesis of Single Platinum Atoms for Efficient
Hydrogen Evolution in Neutral Media. Angew. Chem. Int. Ed. 2017, 56, 13694-13698. [CrossRef] [PubMed]
Lang, R,; Li, T.; Matsumura, D.; Miao, S.; Ren, Y.; Cui, Y.T;; Tan, Y;; Qiao, B.; Li, L.; Wang, A.; et al.
Hydroformylation of Olefins by a Rhodium Single-Atom Catalyst with Activity Comparable to RhCIl(PPhs);.
Angew. Chem. Int. Ed. 2016, 55, 16054-16058. [CrossRef] [PubMed]

Wang, L.; Zhang, W.; Wang, S.; Gao, Z.; Luo, Z.; Wang, X.; Zeng, R.; Li, A.; Li, H.; Wang, M.; et al. Atomic-level
insights in optimizing reaction paths for hydroformylation reaction over Rh/CoO single-atom catalyst. Nat.
Commun. 2016, 7, 14036. [CrossRef] [PubMed]

Horn, R.; Schldgl, R. Methane Activation by Heterogeneous Catalysis. Catal. Lett. 2015, 145, 23-39. [CrossRef]
Shan, J.; Li, M.; Allard, L.F; Lee, S.; Flytzani-Stephanopoulos, M. Mild oxidation of methane to methanol or
acetic acid on supported isolated rhodium catalysts. Nature 2017, 551, 605-608. [CrossRef] [PubMed]
Kwon, Y,; Kim, T.Y,; Kwon, G.; Yi, ].; Lee, H. Selective Activation of Methane on Single-Atom Catalyst of
Rhodium Dispersed on Zirconia for Direct Conversion. J. Am. Chem. Soc. 2017, 139, 17694-17699. [CrossRef]
[PubMed]

Marcinkowski, M.D.; Liu, J; Murphy, CJ; Liriano, M.L.;, Wasio, N.A,; Lucci, FER;
Flytzani-Stephanopoulos, M.; Sykes, E.C.H. Selective Formic Acid Dehydrogenation on Pt-Cu Single-Atom
Alloys. ACS Catal. 2017, 7, 413-420. [CrossRef]

Lin, L; Zhou, W.; Gao, R;; Yao, S.; Zhang, X.; Xu, W.; Zheng, S.; Jiang, Z.; Yu, Q.; Li, YW.; et al.
Low-temperature hydrogen production from water and methanol using Pt/alpha-MoC catalysts. Nature
2017, 544, 80-83. [CrossRef] [PubMed]

Mora, C.; Frazier, A.G.; Longman, R.J.; Dacks, R.S.; Walton, M.M.; Tong, E.]J.; Sanchez, ].]J.; Kaiser, L.R.;
Stender, Y.O.; Anderson, ].M.; et al. The projected timing of climate departure from recent variability. Nature
2013, 502, 183. [CrossRef]

Back, S.; Lim, J.; Kim, N.-Y;; Kim, Y.-H.; Jung, Y. Single-atom catalysts for CO, electroreduction with
significant activity and selectivity improvements. Chem. Sci. 2017, 8, 1090-1096. [CrossRef] [PubMed]
Back, S.; Jung, Y. TiC- and TiN-Supported Single-Atom Catalysts for Dramatic Improvements in CO,
Electrochemical Reduction to CHy. ACS Energy Lett. 2017, 2, 969-975. [CrossRef]

Long, R; Li, Y.;; Liu, Y;; Chen, S.; Zheng, X.; Gao, C.; He, C.; Chen, N.; Qi, Z.; Song, L.; et al. Isolation of Cu
Atoms in Pd Lattice: Forming Highly Selective Sites for Photocatalytic Conversion of CO, to CHy. J. Am.
Chem. Soc. 2017, 139, 4486-4492. [CrossRef]

Zhao, C.; Dai, X.; Yao, T.; Chen, W.; Wang, X.; Wang, J.; Yang, J.; Wei, S.; Wu, Y,; Li, Y. Ionic Exchange of
Metal-Organic Frameworks to Access Single Nickel Sites for Efficient Electroreduction of CO;. J. Am. Chem.
Soc. 2017, 139, 8078-8081. [CrossRef]

Mori, K.; Taga, T.; Yamashita, H. Isolated Single-Atomic Ru Catalyst Bound on a Layered Double Hydroxide
for Hydrogenation of CO; to Formic Acid. ACS Catal. 2017, 3147-3151. [CrossRef]


http://dx.doi.org/10.1038/ncomms15938
http://www.ncbi.nlm.nih.gov/pubmed/28737170
http://dx.doi.org/10.1002/anie.201706602
http://www.ncbi.nlm.nih.gov/pubmed/28857381
http://dx.doi.org/10.1021/jacs.7b05213
http://www.ncbi.nlm.nih.gov/pubmed/28800702
http://dx.doi.org/10.1038/nchem.2740
http://www.ncbi.nlm.nih.gov/pubmed/28754945
http://dx.doi.org/10.1038/s41467-017-01521-4
http://www.ncbi.nlm.nih.gov/pubmed/29133795
http://dx.doi.org/10.1021/jacs.7b10646
http://www.ncbi.nlm.nih.gov/pubmed/29131602
http://dx.doi.org/10.1002/anie.201706921
http://www.ncbi.nlm.nih.gov/pubmed/28787544
http://dx.doi.org/10.1002/anie.201607885
http://www.ncbi.nlm.nih.gov/pubmed/27862789
http://dx.doi.org/10.1038/ncomms14036
http://www.ncbi.nlm.nih.gov/pubmed/28004661
http://dx.doi.org/10.1007/s10562-014-1417-z
http://dx.doi.org/10.1038/nature24640
http://www.ncbi.nlm.nih.gov/pubmed/29189776
http://dx.doi.org/10.1021/jacs.7b11010
http://www.ncbi.nlm.nih.gov/pubmed/29125746
http://dx.doi.org/10.1021/acscatal.6b02772
http://dx.doi.org/10.1038/nature21672
http://www.ncbi.nlm.nih.gov/pubmed/28329760
http://dx.doi.org/10.1038/nature12540
http://dx.doi.org/10.1039/C6SC03911A
http://www.ncbi.nlm.nih.gov/pubmed/28451248
http://dx.doi.org/10.1021/acsenergylett.7b00152
http://dx.doi.org/10.1021/jacs.7b00452
http://dx.doi.org/10.1021/jacs.7b02736
http://dx.doi.org/10.1021/acscatal.7b00312

Catalysts 2019, 9, 135 11 of 12

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Flytzani-Stephanopoulos, M. Gold Atoms Stabilized on Various Supports Catalyze the Water-Gas Shift
Reaction. Acc Chem. Res. 2013, 47, 783-792. [CrossRef] [PubMed]

Li, X.N.; Zou, X.-P; He, S.G. Metal-mediated catalysis in the gas phase: A review. Chin. J. Catal. 2017, 38,
1515-1527. [CrossRef]

Gu, X.-K.; Huang, C.-Q.; Li, W.-X. First-principles study of single transition metal atoms on ZnO for the
water gas shift reaction. Catal. Sci. Technol. 2017, 7, 4294-4301. [CrossRef]

Guan, H,; Lin, J.; Qiao, B.; Miao, S.; Wang, A.-Q.; Wang, X.; Zhang, T. Enhanced performance of Rh; /TiO;
catalyst without methanation in water-gas shift reaction. AICKE ]. 2017, 63, 2081-2088. [CrossRef]

Sun, X.C,; Lin, J.; Zhou, Y.; Li, L.; Su, Y.; Wang, X.D.; Zhang, T. FeOy Supported Single-Atom Pd Bifunctional
Catalyst for Water Gas Shift Reaction. AICKE . 2017, 63, 4022-4031. [CrossRef]

Zhang, X.; Zhang, Z.; Wu, D.; Zhao, X.; Zhou, Z. K;_yMo3P,014 as Support for Single-Atom Catalysts.
J. Phys. Chem. C 2017, 121, 22895-22900. [CrossRef]

Wang, C.; Gu, X.-K,; Yan, H.; Lin, Y,; Li, J.; Liu, D.; Li, W.-X,; Lu, J. Water-Mediated Mars—Van Krevelen
Mechanism for CO Oxidation on Ceria-Supported Single-Atom Pt; Catalyst. ACS Catal. 2017, 7, 887-891.
[CrossRef]

Spezzati, G; Su, Y.; Hofmann, ].P; Benavidez, A.D.; DeLaRiva, A.T.; McCabe, ].; Datye, A.K.; Hensen, E.J.M.
Atomically Dispersed Pd-O Species on CeO,(111) as Highly Active Sites for Low-Temperature CO Oxidation.
ACS Catal. 2017, 7, 6887—-6891. [CrossRef]

Tang, Y.; Wang, Y.-G.; Li, ]. Theoretical Investigations of Pt; @CeO, Single-Atom Catalyst for CO Oxidation.
J. Phys. Chem. C 2017, 121, 11281-11289. [CrossRef]

Lou, Y; Liu, J. A highly active Pt-Fe/gamma-Al,Oj3 catalyst for preferential oxidation of CO in excess of Hj
with a wide operation temperature window. Chem. Commun. 2017, 53, 9020-9023. [CrossRef]

Yang, T.; Fukuda, R.; Hosokawa, S.; Tanaka, T.; Sakaki, S.; Ehara, M. A Theoretical Investigation on CO
Oxidation by Single-Atom Catalysts My /y-Al,O3 (M=Pd, Fe, Co and Ni). ChemCatChem 2017, 9, 1222-1229.
[CrossRef] [PubMed]

Xu, H;; Xu, C.-Q.; Cheng, D.; Li, ]J. Identification of activity trends for CO oxidation on supported
transition-metal single-atom catalysts. Catal. Sci. Technol. 2017, 7, 5860-5871. [CrossRef]

Lou, Y.; Liu, . CO Oxidation on Metal Oxide Supported Single Pt atoms: The Role of the Support. Ind. Chem.
Res. 2017, 56, 6916-6925. [CrossRef]

Liu, J.; Duan, S.; Wang, R. The Stability of High Metal-Loading Pt; /Fe;O3 Single-Atom Catalyst Under
Different Gas Environment. Microsc. Microanal. 2017, 23, 1898-1899. [CrossRef]

DeRita, L.; Dai, S.; Lopez-Zepeda, K.; Pham, N.; Graham, G.W.; Pan, X.; Christopher, P. Catalyst Architecture
for Stable Single Atom Dispersion Enables Site-Specific Spectroscopic and Reactivity Measurements of CO
Adsorbed to Pt Atoms, Oxidized Pt Clusters, and Metallic Pt Clusters on TiO,. J. Am. Chem. Soc. 2017, 139,
14150-14165. [CrossRef]

Lin, J.; Chen, Y.; Zhou, Y; Li, L.; Qiao, B.; Wang, A.; Liu, J.; Wang, X.; Zhang, T. More active Ir subnanometer
clusters than single-atoms for catalytic oxidation of CO at low temperature. AICKE ]. 2017, 63, 4003—4012.
[CrossRef]

Chen, Y,; Ji, S.; Wang, Y,; Dong, J.; Chen, W.; Li, Z.; Shen, R.; Zheng, L.; Zhuang, Z.; Wang, D.; et al. Isolated
Single Iron Atoms Anchored on N-Doped Porous Carbon as an Efficient Electrocatalyst for the Oxygen
Reduction Reaction. Angew. Chem. Int. Ed. 2017, 56, 6937-6941. [CrossRef]

Yin, P; Yao, T.; Wu, Y.; Zheng, L.; Lin, Y.; Liu, W.; Ju, H.; Zhu, J.; Hong, X.; Deng, Z.; et al. Single Cobalt
Atoms with Precise N-Coordination as Superior Oxygen Reduction Reaction Catalysts. Angew. Chem. Int. Ed.
2016, 55, 10800-10805. [CrossRef]

Zhao, X.; Gao, P; Yan, Y,; Li, X;; Xing, Y.; Li, H.; Peng, Z.; Yang, J.; Zeng, J. Gold atom-decorated CoSe,
nanobelts with engineered active sites for enhanced oxygen evolution. J. Mater. Chem. A 2017, 5, 20202-20207.
[CrossRef]

Chao, T,; Luo, X.; Chen, W,; Jiang, B.; Ge, J.; Lin, Y.; Wu, G.; Wang, X.; Hu, Y.; Zhuang, Z.; et al. Atomically
Dispersed Copper-Platinum Dual Sites Alloyed with Palladium Nanorings Catalyze the Hydrogen Evolution
Reaction. Angew. Chem. Int. Ed. 2017, 56, 16047-16051. [CrossRef]

Zhu, C,; Fu, S.; Shi, Q.; Du, D.; Lin, Y. Single-Atom Electrocatalysts. Angew. Chem. Int. Ed. 2017, 56,
13944-13960. [CrossRef] [PubMed]


http://dx.doi.org/10.1021/ar4001845
http://www.ncbi.nlm.nih.gov/pubmed/24266870
http://dx.doi.org/10.1016/S1872-2067(17)62782-7
http://dx.doi.org/10.1039/C7CY00704C
http://dx.doi.org/10.1002/aic.15585
http://dx.doi.org/10.1002/aic.15759
http://dx.doi.org/10.1021/acs.jpcc.7b07643
http://dx.doi.org/10.1021/acscatal.6b02685
http://dx.doi.org/10.1021/acscatal.7b02001
http://dx.doi.org/10.1021/acs.jpcc.7b00313
http://dx.doi.org/10.1039/C7CC03787B
http://dx.doi.org/10.1002/cctc.201601713
http://www.ncbi.nlm.nih.gov/pubmed/28515795
http://dx.doi.org/10.1039/C7CY00464H
http://dx.doi.org/10.1021/acs.iecr.7b01477
http://dx.doi.org/10.1017/S1431927617010157
http://dx.doi.org/10.1021/jacs.7b07093
http://dx.doi.org/10.1002/aic.15756
http://dx.doi.org/10.1002/anie.201702473
http://dx.doi.org/10.1002/anie.201604802
http://dx.doi.org/10.1039/C7TA06172B
http://dx.doi.org/10.1002/anie.201709803
http://dx.doi.org/10.1002/anie.201703864
http://www.ncbi.nlm.nih.gov/pubmed/28544221

Catalysts 2019, 9, 135 12 of 12

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Wang, F.; Wang, Y.; Feng, Y.; Zeng, Y.; Xie, Z.; Zhang, Q.; Su, Y.; Chen, P;; Liu, Y,; Yao, K,; et al. Novel ternary
photocatalyst of single atom-dispersed silver and carbon quantum dots co-loaded with ultrathin g-C3Ny
for broad spectrum photocatalytic degradation of naproxen. Appl. Catal. B Environ. 2018, 221, 510-520.
[CrossRef]

Wang, Y.; Zhao, X.; Cao, D.; Wang, Y.; Zhu, Y. Peroxymonosulfate enhanced visible light photocatalytic
degradation bisphenol A by single-atom dispersed Ag mesoporous g-C3Ny hybrid. Appl. Catal. B Environ.
2017, 211, 79-88. [CrossRef]

Chen, Y.; Huang, Z.; Zhou, M.; Ma, Z.; Chen, ]J.; Tang, X. Single Silver Adatoms on Nanostructured
Manganese Oxide Surfaces: Boosting Oxygen Activation for Benzene Abatement. Environ. Sci. Technol. 2017,
51, 2304-2311. [CrossRef] [PubMed]

Chen, Y,; Gao, J.; Huang, Z.; Zhou, M.; Chen, J.; Li, C.; Ma, Z; Chen, J.; Tang, X. Sodium Rivals Silver as
Single-Atom Active Centers for Catalyzing Abatement of Formaldehyde. Environ. Sci. Technol. 2017, 51,
7084-7090. [CrossRef] [PubMed]

Cui, X,; Junge, K.; Dai, X.; Kreyenschulte, C.; Pohl, M.M.; Wohlrab, S.; Shi, E; Bruckner, A.; Beller, M. Synthesis
of Single Atom Based Heterogeneous Platinum Catalysts: High Selectivity and Activity for Hydrosilylation
Reactions. ACS Cent. Sci. 2017, 3, 580-585. [CrossRef] [PubMed]

Liu, W,; Zhang, L.; Liu, X,; Liu, X,; Yang, X.; Miao, S.; Wang, W.; Wang, A.; Zhang, T. Discriminating
Catalytically Active FeNy Species of Atomically Dispersed Fe-N-C Catalyst for Selective Oxidation of the
C-H Bond. J. Am. Chem. Soc. 2017, 139, 10790-10798. [CrossRef]

Vignola, E.; Steinmann, S.N.; Al Farra, A.; Vandegehuchte, B.D.; Curulla, D.; Sautet, P. Evaluating the Risk
of C-C Bond Formation during Selective Hydrogenation of Acetylene on Palladium. ACS Catal. 2018, 8,
1662-1671. [CrossRef]

Lee, E.-K,; Park, S.-A.; Woo, H.; Hyun Park, K.; Kang, D.W.; Lim, H.; Kim, Y.-T. Platinum single atoms
dispersed on carbon nanotubes as reusable catalyst for Suzuki coupling reaction. J. Catal. 2017, 352, 388-393.
[CrossRef]

Chen, F; Jiang, X.; Zhang, L.; Lang, R.; Qiao, B. Single-atom catalysis: Bridging the homo- and heterogeneous
catalysis. Chin. J. Catal. 2018, 39, 893-898. [CrossRef]

Malta, G.; Kondrat, S.A.; Freakley, S.J.; Davies, C.J.; Lu, L; Dawson, S.; Thetford, A.; Gibson, EK.;
Morgan, D.J.; Jones, W.; et al. Identification of single-site gold catalysis in acetylene hydrochlorination.
Science 2017, 355, 1399-1403. [CrossRef] [PubMed]

Ammal, S.C.; Heyden, A. Water-Gas Shift Activity of Atomically Dispersed Cationic Platinum versus Metallic
Platinum Clusters on Titania Supports. ACS Catal. 2017, 7, 301-309. [CrossRef]

Zhang, S.; Tang, Y.; Nguyen, L.; Zhao, Y.-F; Wu, Z.; Goh, T.-W,; Liu, ].].; Li, Y.; Zhu, T.; Huang, W.; et al.
Catalysis on Singly Dispersed Rh Atoms Anchored on an Inert Support. ACS Catal. 2017, 8, 110-121.
[CrossRef]

Wang, L.; Li, H.; Zhang, W.; Zhao, X.; Qiu, J.; Li, A.; Zheng, X.; Hu, Z; Si, R.; Zeng, J. Supported Rhodium
Catalysts for Ammonia-Borane Hydrolysis: Dependence of the Catalytic Activity on the Highest Occupied
State of the Single Rhodium Atoms. Angew. Chem. Int. Ed. 2017, 56, 4712-4718. [CrossRef] [PubMed]
Cheng, Q.; Yang, L.; Zou, L.; Zou, Z.; Chen, C.; Hu, Z.; Yang, H. Single Cobalt Atom and N Codoped Carbon
Nanofibers as Highly Durable Electrocatalyst for Oxygen Reduction Reaction. ACS Catal. 2017, 7, 6864-6871.
[CrossRef]

Sui, Y; Liu, S.; Li, T,; Liu, Q.; Jiang, T.; Guo, Y.; Luo, J.-L. Atomically dispersed Pt on specific TiO, facets for
photocatalytic Hy evolution. J. Catal. 2017, 353, 250-255. [CrossRef]

Zhang, Z.; Zhu, Y.; Asakura, H.; Zhang, B.; Zhang, ].; Zhou, M.; Han, Y.; Tanaka, T.; Wang, A.; Zhang, T.; et al.
Thermally stable single atom Pt/m-Al,O3 for selective hydrogenation and CO oxidation. Nat. Commun.
2017, 8, 16100. [CrossRef] [PubMed]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.apcatb.2017.09.055
http://dx.doi.org/10.1016/j.apcatb.2017.03.079
http://dx.doi.org/10.1021/acs.est.6b04340
http://www.ncbi.nlm.nih.gov/pubmed/28112911
http://dx.doi.org/10.1021/acs.est.7b00499
http://www.ncbi.nlm.nih.gov/pubmed/28537706
http://dx.doi.org/10.1021/acscentsci.7b00105
http://www.ncbi.nlm.nih.gov/pubmed/28691069
http://dx.doi.org/10.1021/jacs.7b05130
http://dx.doi.org/10.1021/acscatal.7b03752
http://dx.doi.org/10.1016/j.jcat.2017.05.005
http://dx.doi.org/10.1016/S1872-2067(18)63047-5
http://dx.doi.org/10.1126/science.aal3439
http://www.ncbi.nlm.nih.gov/pubmed/28360324
http://dx.doi.org/10.1021/acscatal.6b02764
http://dx.doi.org/10.1021/acscatal.7b01788
http://dx.doi.org/10.1002/anie.201701089
http://www.ncbi.nlm.nih.gov/pubmed/28370955
http://dx.doi.org/10.1021/acscatal.7b02326
http://dx.doi.org/10.1016/j.jcat.2017.07.024
http://dx.doi.org/10.1038/ncomms16100
http://www.ncbi.nlm.nih.gov/pubmed/28748956
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Preparation Strategies of Single-Atom Catalysts (SACs) 
	SACs with Ordered Structure 
	Single-Atom Alloy (SAA) 
	Support Effect 
	Functional Groups on The Support 
	Surface Defects of Support 

	External Forces Induced SAC Synthesis 
	Iced Photochemical Reduction 
	Electrodeposition 


	Novel Applications of SACs 
	CH4 Conversion 
	Methanol and Formic Acid Reforming 
	CO2 Conversion 
	CO Conversion 
	Photoelectrocatalytic Reactions 
	Heterogenization of Homogeneously Catalyzed Processes 

	Strong Metal-Support Interaction of SACs 
	Summary 
	References

